Three different types of bacterial nitrate-reducing systems have been described (reviewed in reference 24): cytoplasmic assimilatory nitrate reductases (Nas), membrane-bound respiratory nitrate reductases (Nar), and periplasmic dissimilatory nitrate reductases (Nap). Nap systems have been identified and studied at the biochemical and/or genetic level in many gramnegative bacteria (5, 8, 11, 12, 26, 28, 29, 38) . Nap enzymes are heterodimers consisting of a large 90-kDa catalytic subunit (NapA), containing a molybdopterin guanine dinucleotide cofactor and one [4Fe4S] center, and a small 13-to 19-kDa diheme cytochrome c (NapB). A 25-kDa membrane-bound cytochrome c (NapC) is involved in electron transfer from the quinol pool in the cytoplasmic membrane to the periplasmic NapAB soluble complex, and a cytoplasmic protein (NapD) seems to be necessary for the maturation of NapA (24, 26) .
The crystal structure of the NapA protein of Desulfovibrio desulfuricans (9) and purification and characterization of the soluble domain of NapC from Paracoccus pantotrophus (33) and the Haemophilus influenzae NapB protein (6) have recently been described. Other nap genes are also present in some bacteria: napF, napG, and napH code for different ironsulfur proteins, and napE and napK encode integral transmembrane proteins with unknown functions (26, 29) . In the phototrophic bacterium Rhodobacter sphaeroides, the Nap system is encoded by the napKEFDABC gene cluster (28, 29) .
Different physiological functions have been proposed for the bacterial Nap systems, including a role in redox balancing to dissipate excess reducing power under certain metabolic conditions (30-32, 36, 37) , in denitrification (3, 4, 17) , in adaptation to anaerobic growth (38) , and in scavenging nitrate in nitrate-limited environments (6, 27) . According to this diversity of functions for periplasmic nitrate reduction, there are some differences in nap gene expression depending on the organism, although Nap activity is usually present under aerobic conditions and is unaffected by ammonium (24) . In Escherichia coli, Nap is maximally expressed at low nitrate concentrations under anaerobic conditions, and both Fnr and NarP are required for nap gene expression (8, 12, 26, 42) . On the other hand, the Nap system from Ralstonia eutropha is maximally expressed under aerobic conditions at the stationary phase of growth and is not induced by nitrate (38) , and in Paracoccus pantotrophus, maximal nap expression is found in cells growing aerobically with butyrate, a highly reduced carbon source, even in the absence of nitrate (37) . In the phototrophic bacterium R. sphaeroides DSM158, Nap activity is stimulated by nitrate, is not affected by ammonium or by the intracellular C/N balance, and is present under both oxia and anoxia, although activity is higher under aerobic conditions (10, 28) .
In this study we examined the expression of the nap genes from R. sphaeroides DSM158 in response to nitrate, nitrite, and ammonium under both aerobic and anaerobic conditions by using different transcriptional and translational nap-lacZ reporter gene fusions and by Northern blotting experiments. The possible effect of the oxidation state of the carbon source on nap gene expression was also investigated. In addition, in vivo and in vitro Nap activity was measured under these experimental conditions to test for possible regulation at the level of enzyme activity and to better understand the physiological role of the Nap system in R. sphaeroides.
MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. The bacterial strains and plasmids used in this work are listed in Table 1 . R. sphaeroides strains were grown at 30°C on peptone-yeast extract (PY) plates or RCV medium supplemented with yeast extract (0.1 g liter Ϫ1 ) or with the Pfennig vitamin solution (14) under phototrophic (light-anaerobiosis) or heterotrophic (dark-aerobiosis) conditions, as previously described (20, 23) . D,L-Malate (4 g liter Ϫ1 ) and L-glutamate (1 g liter Ϫ1 ) were routinely used as the carbon and nitrogen sources, respectively, and when necessary, media with the indicated concentrations of alternative carbon substrates (butyrate or caproate) or nitrogen compounds (KNO 3 , KNO 2 , or NH 4 Cl) were also used. Escherichia coli strains were grown aerobically in LuriaBertani liquid or solid medium at 37°C (34) .
Analytical determinations and enzyme assays. Cell growth was followed turbidimetrically by measuring the absorbance of the cultures at 680 nm. Nitrite in the medium was determined colorimetrically (40) as previously described (7) . Protein was estimated according to Lowry et al. (18) using bovine serum albumin as the standard. Nitrate reductase activity was assayed in whole cells or cell extracts, measuring the nitrite produced in the reaction with reduced methyl viologen (MV) as the artificial electron donor (20, 23) . ␤-Galactosidase activity was determined at 30°C as described previously (22) , and activities are expressed in arbitrary units (19) . The data presented are representative of at least three independent experiments yielding essentially the same results, with standard deviations lower than 15%.
DNA and RNA methods. Routine DNA manipulations (DNA isolation, restriction enzyme analysis, agarose gel electrophoresis, cloning procedures, and PCR amplifications) were performed using standard methods (34) . Total RNA was isolated from R. sphaeroides cells by the hot phenol method as previously described (29) . Northern blots and hybridization experiments were carried out with the nonradioactive digoxigenin kit from Boehringer-Mannheim using standard protocols (34) . Reverse transcription amplification reactions (RT-PCR) were performed using the rTth DNA polymerase (Perkin Elmer) in the presence of Mn 2ϩ (25) . The primers used were 1F (5Ј-CTTGTCGGGGTGCCGATTGG CA-3Ј), 1R (5Ј-CGGTCTGAACGTTTCCTGCGG-3Ј), 2F (5Ј-GGTACATGA GCAATCACGTTCT-3Ј), 2R (5Ј-CATGTCGGCCTCGCGCGTCCAG-3Ј), 3F (5Ј-GTGAAGTTGCCGCGGCGGGCGA-3Ј), 3R (5Ј-GAAGGTCGACAGGA CCGCCAC G-3Ј), 4F (5Ј-CGCACGCGGCTCGAGACCCGAG-3Ј), 4R (5Ј-C CTCGAGGGCCGTGT TGAACCC-3Ј), and 5F (5Ј-CCGAATGCAGCTTTTG CGGTGC-3Ј).
Construction of lacZ transcriptional and translational fusions. The transcriptional napA-lacZ gene fusion was constructed by cloning the 1.4-kb SalI-BamHI fragment of the napA gene from plasmid pFR10 into the mobilizable plasmid pSUP401 previously digested with XhoI and BamHI, to yield plasmid pMGAC. II. A BamHI fragment from plasmid pML5B ϩ , which includes the lacZ gene without a promoter and the tetracycline resistance gene (16) , was inserted into the BamHI site of pMGAC.II to give the final construction, pMGAAtp.
To create the translational napKЈ-ЈlacZ fusion, the 2.2-kb PstI-BamHI fragment of pFR24 was inserted into pBluescript to generate plasmid pMGAC.I. The 1.0-kb EcoRI-SalI fragment of this plasmid was then inserted into plasmid pPHU234 digested with EcoRI and XhoI. The resulting construct was linearized with BamHI, the ends were filled in with Klenow polymerase in the presence of the four deoxynucleoside triphosphates (dNTPs), DNA was digested with ScaI, and finally, the resulting blunt ends were ligated to yield plasmid pMGAK. This procedure fused codon 21 of napK in the appropriate reading frame to the lacZ gene. Negative controls with out-of-frame gene fusions were also constructed using plasmids pPHU235 and pPHU236.
To generate the translational napFЈ-ЈlacZ fusion, an XhoI site was created in the napF gene. For this purpose, the 2.2-kb PstI-BamHI fragment of pFR24 was inserted into pALTER-1, and the resulting plasmid was used for PCR amplification of a 1.25-kb XhoI fragment containing the 3Ј end of the yntC gene, the nap promoter, the napK and napE genes, and the 5Ј end of the napF gene (29) . The primer pairs used were 5Ј-CCACGCACTTTGCCTCGAGATC-3Ј and 5Ј-TGT CGGCCTCGAGCGTCCAGGGC-3Ј (in boldface is shown the C3A mutation for creating the XhoI site, shown in italics). This PCR fragment was digested with XhoI, cloned into SalI-linearized pUC18 vector, and recovered as an EcoRI-PstI fragment for cloning into pPHU234 to give the final construction pMGAF, carrying an in-frame fusion between napF at codon 27 and lacZ. Similar procedures using plasmids pPHU235 and pPHU236 allowed the construction of outof-frame fusions as negative controls.
The translational napDЈ-ЈlacZ fusion was constructed by inserting the 1.7-kb XhoI fragment of pFR24 into vector pK18. From the resulting plasmid, an EcoRI-HindIII fragment was then cloned into pPHU234 to give the final con- struction pMGAD, with codon 9 of napD fused in-frame to the lacZ gene.
Negative controls with out-of-frame fusions were also generated using plasmids pPHU235 and pPHU236. Finally, the translational napAЈ-ЈlacZ fusion was obtained by cloning the 2.2-kb EcoRI-BamHI fragment from pMGAC.I into plasmid pPHU234. The resulting construct was linearized with BamHI, and after filling in the ends with Klenow polymerase in the presence of the four dNTPs, DNA was digested with ScaI and the resulting blunt ends were ligated to give plasmid pMGAA. This fused codon 41 of napA in-frame to the lacZ gene. Negative controls were also constructed using plasmids pPHU235 and pPHU236 to obtain out-of-frame fusions.
In all cases, DNA was sequenced automatically (ABI 310, Perkin-Elmer) by the chain termination method (35) to confirm the intended constructions, which were finally mobilized from E. coli S17-1 into R. sphaeroides DSM158S by filter matings as described previously (21, 22) .
RESULTS
In vivo nitrite production and in vitro MV-nitrate reductase activity in R. sphaeroides under different growth conditions. Cells of R. sphaeroides grown phototrophically under lightanaerobic conditions with malate as the carbon source showed MV-nitrate reductase activity in the absence of nitrate (Fig.  1A) , and this activity increased about 3.5-fold in media with nitrate (Fig. 1B) . Heterotrophic cultures under dark-aerobic conditions showed higher levels of MV-nitrate reductase activity (ca. 3-fold increase), and the activity was also stimulated by nitrate ( Fig. 1C and D) . However, nitrite accumulation in nitrate-containing media was very low under aerobic conditions, indicating that in vivo nitrate reduction takes place predominantly under anaerobic phototrophic conditions ( Fig. 1B  and D) .
When R. sphaeroides was grown phototrophically on highly reduced carbon substrates, such as butyrate or caproate, the level of MV-nitrate reductase activity was similar than in media with malate, but nitrite accumulation was approximately 7-fold higher, reaching values as high as 6.5 mM (65% of total nitrate transformed to nitrite) in media with butyrate or caproate ( Fig.  2A) . Nitrite was not accumulated in the media when the cells were grown heterotrophically on butyrate or caproate (results not shown), again indicating that in vivo nitrate reduction is very low under aerobic conditions. In addition, R. sphaeroides mutant strains completely devoid of Nap activity, obtained by polar or nonpolar insertion of a gentamicin resistance cassette into the napA gene (28, 29) , were severely impaired in phototrophic growth on reduced carbon sources, although they grew well in media with malate (Fig. 2B) .
Transcriptional analysis of the nap genes by RT-PCR and Northern blotting. Previous analysis of different polar and nonpolar insertion mutants of R. sphaeroides suggested that the napKEFDABC genes are organized into a transcriptional unit. In addition, the napK transcription start site was identified by primer extension, and the same initiation point was found for cells grown aerobically or anaerobically with nitrate (29) . To confirm that the nap genes are organized into an operon, we carried out RT-PCR analysis using several primer pairs which should amplify defined regions between two or three nap genes only if these genes are present in the same transcript. As shown in Fig. 3 , all the amplification reactions yielded fragments of the expected sizes for each primer pair. In addition to the expected fragments of 906 or 1,295 bp, several shorter fragments were also amplified in the reactions with primer pairs 3F/3R and 5F/3R. Northern blotting experiments allowed the identification of a single transcript of approximately 5.5 kb hybridizing with the 1-kb BstEII-BamHI fragment of the napA gene as a probe under all conditions tested (Fig. 4) . The size of this transcript agrees with the whole size of the napKEFDABC gene cluster of R. sphaeroides. Expression of nap genes seemed to be slightly higher and was detected earlier in the growth phase under aerobic conditions than under anaerobic conditions. Thus, only a faint hybridization signal was observed in the phototrophic cultures with an absorbance at 680 nm of 0.8, whereas a very clear signal was found for the same absorbance value in the heterotrophic cultures (Fig. 4A) . However, no significant differences were observed in transcript abundance when the cells were grown with nitrate, nitrite, or chlorate, a structural nitrate analog (Fig. 4B) .
Analysis of nap gene expression by transcriptional and translational nap-lacZ gene fusions. To determine if napK operon expression varies in response to different nitrate or nitrite concentrations and to study the possible regulation of nap gene expression in response to oxygen and different carbon sources, a transcriptional napA-lacZ reporter gene fusion was constructed. In addition, translational fusions between napK, napF, napD, or napA and the lacZ gene in the appropriate reading frame, and the corresponding negative controls with the genes fused out of frame, were also generated. The R. sphaeroides strain containing the transcriptional napA-lacZ reporter gene fusion showed higher levels of ␤-galactosidase activity under aerobic conditions; a moderate but significant increase of about 3-fold in napA-lacZ expression was observed when the cells were grown heterotrophically compared to cells grown under anaerobic conditions (Table 2) . It is worth noting that a similar increase of about 3-fold was observed in MV-nitrate reductase activity in the cells growing aerobically (Fig. 1) . However, addition of nitrate, ammonium, nitrite, or chlorate had no significant effect on ␤-galactosidase activity under either aerobic and anaerobic conditions (Table  2) , pointing out that the stimulatory effect of nitrate on MVnitrate reductase activity (Fig. 1) is probably due to enzyme activation. These results are also in agreement with those of Northern blotting experiments (Fig. 4) .
In E. coli, the napF operon is maximally expressed at 1 mM nitrate and expression is suppressed at nitrate concentrations higher than 5 mM (42) . The effect of nitrate concentration on napA-lacZ expression was also tested in R. sphaeroides DSM158, and no significant differences in ␤-galactosidase activity were found in a range of 0 to 50 mM nitrate in cells grown phototrophically (Fig. 5A ). However, a slight induction of napAlacZ expression was observed in response to nitrite concentrations, and this modest effect was repeatedly seen in four independent experiments with cells grown phototrophically (Fig. 5B) , although it was not observed in cells grown under aerobic heterotrophic conditions (not shown).
Expression of the transcriptional napA-lacZ reporter gene fusion was also studied in R. sphaeroides cells grown phototrophically on different carbon sources. No significant differences in the levels of ␤-galactosidase activity were found when the cells were cultured on malate, an oxidized carbon substrate, or on butyrate or caproate, which are highly reduced carbon sources (results not shown). This result is also in agreement with the similar levels of MV-nitrate reductase activity observed in R. sphaeroides wild-type cells grown on malate, butyrate, or caproate ( Fig. 2A) . Therefore, although growth on highly reduced carbon sources increased the in vivo nitrate reductase activity (i.e., nitrite accumulation, Fig. 2A ), this effect seems not to be due to nap transcription regulation.
R. sphaeroides strains carrying translational napFЈ-ЈlacZ or napAЈ-ЈlacZ gene fusions showed ␤-galactosidase activity only when these nap genes and the reporter lacZ gene were fused in the same reading frame, and this activity was unaffected by nitrate, nitrite, or ammonium (Fig. 6A) . However, the translational napKЈ-ЈlacZ and napDЈ-ЈlacZ gene fusions showed very 
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on March 1, 2013 by PENN STATE UNIV http://jb.asm.org/ low ␤-galactosidase activity (Fig. 6A) , although DNA sequencing confirmed that the nap genes were fused to the lacZ gene in the correct reading frame. Computer analysis of the R. sphaeroides nap gene region using the Stemloop and FoldRNA programs of the Genetics Computer Group software package revealed that the napK and napD regions contain more putative mRNA secondary structures than other nap genes. In particular, a possible secondary structure occluding the ribosome-binding site and the translation initiation site of napD and a putative structure sequestering the AUG start codon of napK, a gene lacking a typical Shine-Dalgarno sequence, were found (Fig. 6B) . Short-term activation of MV-nitrate reductase by nitrate. Northern blots (Fig. 4) and ␤-galactosidase activity results (Table 2, Fig. 5 and 6 ) suggest that nitrate is not an inducer of nap gene expression in R. sphaeroides and its stimulatory effect on nitrate reductase activity can be due to enzyme activation. To test this possibility, cells grown phototrophically in absence of nitrate were assayed for MV-nitrate reductase activity after 10 mM nitrate addition. As shown in Fig. 7 , rapid activation of the enzyme was observed in the presence of nitrate, reaching maximal activity 10 min after nitrate addition. It is worth noting that this short-term stimulation of MV-nitrate reductase activity by nitrate is similar (about 4-fold increase) to that observed in cells grown in nitrate-containing media compared to cultures grown in the absence of nitrate (Fig. 1) . On the contrary, this short-term activation of nitrate reductase was not observed when 1 mM nitrite was added (Fig. 7) .
DISCUSSION
The phototrophic bacterium R. sphaeroides DSM158 has a Nap system, encoded by the napKEFDABC gene cluster (28, 29) , although this strain is devoid of nitrite reductase and the nitrite formed in the reaction is accumulated in the culture medium. Thus, nitrite accumulation is a valuable indicator of in vivo Nap activity, which depends on the electron supply from the membrane quinol pool to the periplasmic NapAB complex via the NapC cytochrome. On the other hand, the in vitro Nap activity assayed with reduced MV as an artificial electron donor is a measure of the total activity, independent of NapC and the redox state of the quinol pool, even when the Nap system is not being used by the cells due to the absence of an electron supply. In earlier studies, it was observed that MV-Nap activity in R. sphaeroides is higher under heterotrophic aerobic than under phototrophic anaerobic conditions and that the activity is stimulated by nitrate but unaffected by ammonium or the C/N balance (10, 28) . However, a detailed study on the regulation of Nap activity or nap gene expression under different conditions has not been performed.
R. sphaeroides Nap system is involved in redox balancing. We have previously proposed that the R. sphaeroides Nap system is involved in the maintenance of the cellular redox balance because nitrate and chlorate, which are not used by assimilatory or respiratory pathways, stimulate phototrophic growth in the wild-type strain but not in a Nap Ϫ transposon Tn5 insertion mutant (23, 32) . However, it could be argued that the high MV-Nap activity in the aerobic heterotrophic a The transcriptional napA-lacZ gene fusion was constructed as described in Materials and Methods. ␤-Galactosidase activity was measured in cells grown under anaerobic phototrophic or aerobic heterotrophic conditions in medium with malate as the carbon source and glutamate as the nitrogen source in the absence (control) or presence of KNO 3 , KNO 3 plus NH 4 Cl, NH 4 Cl, KNO 2 , or KClO 3 . All these compounds were present at 10 mM except nitrite (1 mM).
cultures (28) does not favor this hypothesis. Here we show that, although the Nap activity assayed in vitro with MV was higher in cells grown heterotrophically with nitrate, the Nap activity in vivo was very low under these aerobic conditions because nitrite was only accumulated at significant concentrations in the anaerobic phototrophic cultures (Fig. 1) . Nitrite accumulation in phototrophic cultures with butyrate or caproate was 7-fold higher than in media with malate, although there were no significant differences in the MV-Nap activity in vitro ( Fig.  2A) , thus revealing that in vivo Nap activity is higher in cells growing on reduced carbon sources.
As the assimilation of these reduced carbon substrates generates more reducing equivalents than assimilation of oxidized carbon sources, the high nitrite accumulation in media with butyrate or caproate is a consequence of increased electron flow to the Nap enzyme under these conditions. On the other hand, nitrite production by cells growing aerobically was very low in media with malate ( Fig. 1D ) and in butyrate-or caproate-containing media (not shown), probably because electrons are preferentially directed to oxygen. In addition, phototrophic growth on butyrate or caproate was drastically weakened in both polar and nonpolar NapA Ϫ insertion mutants, which were able to grow well on malate (Fig. 2B) . These results confirm that the Nap system of R. sphaeroides dissipates excess reductant to allow an optimal cellular redox balance and point out that electron supply is a key factor regulating Nap activity in vivo.
In vivo Nap activity but not nap gene expression increases on highly reduced carbon sources. It has recently been described that nap transcription is induced in P. pantotrophus cells growing aerobically on butyrate. In this organism, two transcription start sites separated by 7 bp have been identified, the use of which is determined by the oxidation state of the carbon source (37) . In R. sphaeroides, the same transcription initiation site was found for cells growing aerobically or anaerobically (29) , and no significant differences in MV-Nap activity were observed in cells growing phototrophically on malate, butyrate, or caproate ( Fig. 2A) . In addition, expression of the transcriptional napA-lacZ gene fusion was similar in the cells grown with malate, butyrate, or caproate, indicating that the oxidation state of the carbon source does not regulate nap gene expression in R. sphaeroides. However, as discussed above, in vivo Nap activity was higher in cells growing phototrophically on reduced carbon sources, as revealed by the high nitrite accumulation in media with butyrate or caproate ( Fig. 2A) . Thus, the oxidation state of the carbon source affects the in vivo Nap activity, which depends on the electron supply. R. sphaeroides nap genes are cotranscribed, yielding a 5.5-kb product. We have previously suggested by using polar and nonpolar insertion mutants of R. sphaeroides that the napKEFDABC genes are organized into an operon (29) . Primer extension analysis revealed that the R. sphaeroides nap transcript initiates 51 nucleotides upstream from the napK translation start codon under both aerobic and anaerobic conditions, and a 70 promoter was also identified upstream from the transcriptional start site (29) . In this study, RT-PCR analysis confirms that the napKEFDABC genes are cotranscribed, because DNA fragments of the expected sizes were amplified using primer pairs corresponding to different nap genes, which indicates that these genes are present in the same transcript (Fig. 3) . In addition, only one transcript of about 5.5 kb, which is in agreement with the size of the whole napKEFDABC gene region, was detected in Northern blots (Fig. 4) , also demonstrating that the R. sphaeroides nap genes are organized into a transcriptional unit.
Nitrate is not an inducer of nap gene expression but activates nitrate reductase. Analysis of nap transcription by Northern blots (Fig. 4B) and nap-lacZ reporter gene fusions ( Table  2 ) clearly indicates that neither nitrate nor its structural analog chlorate activates nap gene expression in R. sphaeroides. In E. coli, napF operon transcription is induced at low nitrate concentrations (1 mM), although expression is suppressed under high-nitrate conditions (more than 5 mM), and nitrite has only a minor regulatory effect (42) . In R. sphaeroides, nitrate failed to increase napA-lacZ expression at all concentrations tested between 0 and 50 mM (Fig. 5A) , indicating that stimulation of nitrate reductase activity by nitrate (Fig. 1 ) takes place at a posttranscriptional level. Support for this idea also comes from the short-term activation of the nitrate reductase in the presence of nitrate (Fig. 7) . Therefore, nitrate is an activator of the enzyme but not an inducer of nap gene expression. On the contrary, nitrite does not activate the enzyme (Fig. 7) but slightly increases napA-lacZ expression under anaerobic phototrophic growth conditions (Fig. 5B) . It is possible that nitrite is not a significant inducer of R. sphaeroides nap gene expression, and its modest effect could reflect an ancient role of this molecule as a regulator of nap gene expression. In addition, ammonium has no effect on nap gene expression ( Table 2 , Fig.  6 ), confirming previous observations (10, 28) .
nap gene expression but not in vivo Nap activity increases under aerobic conditions. Northern blotting experiments revealed that nap expression is higher under aerobic conditions than in anaerobically grown cells and that the nap transcript is detected earlier in cells growing aerobically (Fig. 4A) . In addition, the ␤-galactosidase activity of the R. sphaeroides cells carrying the transcriptional napA-lacZ gene fusion is about 3-fold higher under aerobic conditions than under anoxia (Table 2), which correlates with the increase in in vitro MV-nitrate reductase activity under aerobic conditions (Fig. 1) . However, as mentioned above, in vivo Nap activity is clearly reduced under aerobic conditions, as indicated by the low nitrite accumulation in the heterotrophic cultures. This can be due to a low electron supply to the NapAB complex when electrons are preferentially directed to the aerobic respiratory electron transport chain.
This pattern of regulation by oxygen is different in E. coli, in which nap gene expression only takes place in anaerobiosis and transcription is activated synergistically by Fnr and NarP (8) , and in P. pantotrophus, in which nap transcription is restricted to aerobic growth, being negatively regulated in anaerobiosis (37) . However, regulation of the R. sphaeroides Nap system is similar to that in Ralstonia eutropha, in which the Nap system is maximally expressed at the stationary phase of aerobic cultures and is not induced by nitrate (38) .
mRNA secondary structures may affect the translation of napK and napD genes. R. sphaeroides cells carrying translational napFЈ-ЈlacZ and napAЈ-ЈlacZ fusions showed similar ␤-galactosidase activities in media with glutamate, nitrate, nitrite, or ammonium, confirming that nap expression is not affected by the nitrogen source. However, ␤-galactosidase activity was almost undetectable in cells carrying translational napKЈ-ЈlacZ and napDЈ-ЈlacZ fusions (Fig. 6A) , suggesting that these genes are not translated efficiently. Sequence analysis of FIG. 7 . Effect of nitrate on MV-nitrate reductase activity in R. sphaeroides DSM158. Cells were grown phototrophically with malate as the carbon source and glutamate as the sole nitrogen source. At time zero, cells were collected, resuspended in 50 mM phosphate buffer (pH 7.0), and distributed among three flasks; one of them was used as a control (ᮀ), and 10 mM KNO 3 (E) or 1 mM KNO 2 (‚) was added to the others. At the indicated times, samples were collected and washed twice in 50 mM phosphate buffer (pH 7.0), and the MVnitrate reductase activity was assayed as described in Materials and Methods.
these genes revealed the presence of a putative mRNA secondary structure occluding the ribosome-binding site and the translation initiation site of napD and the AUG start codon of napK, which lacks a typical Shine-Dalgarno sequence (Fig. 6B) .
We suggest that these mRNA structures may play a key role in regulating the expression of the napK and napD genes, blocking translation initiation or affecting translational coupling, as proposed for similar structures present in some photosynthetic genes from Rhodobacter capsulatus (1) . The presence of mRNA secondary structures in the napD gene region could also explain the existence of additional fragments shorter than 906 and 1,295 bp in the RT-PCR amplification reactions with primer pairs 3F/3R and 5F/3R, which cover the napDA and the napFDA regions, respectively (Fig. 3) .
Regulation and function of the Nap system vary depending on the organism. Taken together, the results of this work indicate that the R. sphaeroides Nap system plays a role in redox balancing and that its regulation takes place mainly at the posttranscriptional level. The presence of nitrate and an appropriate electron supply from the quinol pool to the periplasmic NapAB complex, as occurs under anaerobic growth conditions on highly reduced carbon sources, are the most important factors controlling nitrate reductase activity in vivo. However, the Nap systems are present in a wide range of bacteria (11) , and nap gene expression seems to be regulated differently in response to oxygen, nitrate, and carbon substrates (8, (36) (37) (38) 42) , and even some Nap proteins present different biochemical properties (6), depending on the organism. These facts can reflect the versatility of the Nap systems for playing distinct physiological functions in different bacteria, or even in the same organism under different metabolic conditions. Therefore, bacteria expressing periplasmic nitrate reductase could have a selective advantage in competition with strains lacking this system during nitrate-limited growth (6, 27, 42) or, in particular for R. sphaeroides, during metabolic conditions generating excess reductant, such as phototrophic growth on reduced carbon substrates.
